An enriched glucan synthase fraction was obtained from red beet root microsomes by sequential extraction with the detergents 3-1(3-cholamidopropyl)dimethylammoniol-l-propanesulfonate and digitonin. The digitonin suspension was centrifuged on a glycerol gradient, where a glucan synthase peak with a specific activity of 30-to 40-fold over microsomes was recovered. Most protein contaminants were found in the gradient pellet. The glucan synthase-containing fraction was largely free of plasma membrane and tonoplast-derived ATPase activity and was enriched with a protein subunit of 68 kilodaltons.
sample to be assayed. The mixtures were incubated at 30°C for 5 min and the reactions were then terminated by heating at 90 to 100°C for 10 min. Glucose incorporation was measured by the method of Smith and Stone (1975) as follows: Each reaction mixture was spotted on a Whatman GF/A filter disk (2.4 cm diameter), dried, and placed in a culture tube.
The tubes were placed on ice and washed successively with 10 ml of 66% (w/v) ethanol containing 0.85 mm EDTA, 10 ml of 66% (w/v) ethanol, and 10 ml of 70% ethanol. Filters were rinsed with acetone, air dried, and counted. Quenching was corrected by counting known amounts of UDP-['4C]glucose that had been spotted on filters.
Protein Determinations. Protein concentrations were measured by the Coomassie blue protein assay (7) .
Extraction of Microsomes with Digitonin. To solutions containing microsomes (0.85-2.0 ml) at protein concentrations of 2.4 to 5.3 mg per ml, an equal volume of a buffer containing 2% (w/v) digitonin, 5 mM MgCl2, and 50 mM Tris-HCl (pH 7.0) was added dropwise with stirring. The suspensions were incubated for 30 min at 30°C and then centrifuged at l00,OOOg for 30 min in a Beckman type 40 rotor. The supernatants were recovered and used for density gradient centrifugation.
Extraction of Microsomes with CHAPS Followed by Resuspension in Digitonin. To solutions containing microsomes (0.5-5.5 ml) at protein concentrations ranging from 5 to 10 mg/ml, au equal volume of a buffer containing 12 (3) .
SDS-PAGE. SDS-PAGE was carried out in 8 to 15% (w/w) polyacrylamide gradient gels using the buffer systems of Laemmli (17) . Gels were stained with 0.025% (w/v) Coomassie blue in 25% (v/v) isopropanol and 11.4% (v/v) acetic acid.
RESULTS
Partial Purification in Digitonin. Initial experiments consisted of a survey of various procedures to determine the most feasible route for purifying digitonin-extracted red beet glucan synthase. Column-based procedures such as gel filtration chromatography on Sepharose CL 6-B, affinity chromatography using agarosebound UDP, concanavalin A and triazine dyes, and DEAE ion exchange chromatography were attempted. Digitonin was present in elution buffers to maintain glucan synthase in a solubilized state. In all cases, little purification was obtained, the major problem being low recovery of activity. Since morphological studies of higher plant plasma membranes (19) raise the possibility that cell surface glucan-synthesizing enzymes may be large multisubunit structures, density gradient centrifugation was attempted. An initial experiment using a digitonin extract showed that a peak of glucan synthase activity could be separated from the bulk of digitonin-extracted protein by rate-zonal centrifugation on a 12 to 48% (w/w) glycerol gradient (Fig. 1) . Enrichments in specific activity of 10-to 20-fold and activity recoveries ranging from 10 to 60% were typically obtained. The soluble vacuolar marker betanin remained at the top of the gradient indicating that membrane vesicles were permeabilized by digitonin treatment. Attempts to increase the protein concentration of the gradient peak fraction by increasing digitonin concentrations in extraction buffers were unsuccessful.
Extraction with CHAPS. To remove proteins other than glucan synthase from microsomal membranes before exposure to digitonin, it was of interest to investigate the use of a detergent with a higher critical micelle concentration in conjunction with digitonin. CHAPS, a zwitterionic derivative of cholic acid (14) was chosen since its structure is similar to digitonin. Table I shows the distribution of glucan synthase after microsomes were extracted with 6 mm CHAPS in the presence of 5 mM MgCl2. The supernatants and pellets were assayed in the presence and absence of 0.02% digitonin. Two significant findings were evident. First, when assays were conducted in the absence of digitonin, 90% of the activity was lost, but in the presence of digitonin, activity was restored. And second, most of the activity was found in the CHAPS pellet. Inclusion of MgC12 maximizes the percentage of glucan synthase activity sedimenting into the pellet. Figure 2 shows the effects of digitonin concentration on the expression of activity in the CHAPS pellet. Concentrations of digitonin above 0.02% were less effective at restoring activity. This differs from non-CHAPS exposed glucan synthase, which was active in the presence of digitonin up to a concentration of 4% (11) .
To determine whether glucan synthase activity could be extracted from the CHAPS pellet with digitonin, a series of CHAPS pellets were resuspended with increasing levels of digitonin and centrifuged at 100,000g for 30 min (Table II) . The best extraction, based upon the amount of activity that could be recovered in the supernatant, was obtained with 0.5% digitonin. This resulted in the release of 40% ofthe activity. The specific activity was enhanced 9-fold over microsomes. Thus, the two-step extraction procedure resulted in an extract that was two to three times more highly purified than microsomes that were extracted DENSITY (g/cm3) Table I . Extraction ofGlucan Synthase by CHAPS Microsomes (0.5 ml) were extracted with CHAPS at a final concentration of 6 mm as described in "Materials and Methods." The pellets were resuspended to 0.5 ml with 250 mm sucrose, I mm DTE, and I mm Tris-Mes (pH 7.0). Fractions were then assayed for glucan synthase activity in the absence and presence of 0.02% digitonin and for protein. directly with digitonin (1 1). A two-step detergent treatment also proved useful for the partial purification of plasma membrane ATPase from mung bean root (15) and tonoplast ATPase from corn coleoptile (18) .
Partial Purification of CHAPS-Digitonin Extracted Glucan Synthase. Since exposure of microsomes to 6 mm CHAPS followed by the extraction with digitonin resulted in a 9-fold enrichment of glucan synthase activity, a CHAPS-digitonin extract was used for the density gradient purification of the enzyme. A digitonin extract from the same microsomal preparation was prepared and layered on a second gradient for comparison.
In both gradients, a peak of glucan synthase activity was recovered at a density of 1.08 g/cm3. However, the peak of protein in each gradient was found in a different location. The bulk of the protein in the gradient containing the digitoninextracted enzyme (Fig. 3A ) was distributed as a broad peak between fractions 4 and 7, consistent with the sedimentation pattern shown in Figure 1 . In the gradient containing the sequentially extracted enzyme (Fig. 3B) Table IIIA shows that the specific activity of the digitoninextracted enzyme increased 21-fold with a 34% recovery of activity in fraction 2. The specific activity of the CHAPS-digitonin-extracted enzyme increased over 40-fold with a 40% recovery of activity in fraction 3 (Table IIIB) . This improvement in purification is probably due to the fact that many of the contaminating proteins in the CHAPS extracted material aggregated and were found in the pellet rather than in gradient fractions.
SDS-PAGE. The protein subunit composition of the glucan synthase-enriched fractions and protein peaks was analyzed by SDS-PAGE (Fig. 4) gradient fraction was found to correlate with the distribution of glucan synthase activity (not shown). Most of the proteins which were separated from the digitonin-extracted enzyme were found in the gradient fraction containing the protein peak (lane 4). Most of the proteins separated from the CHAPS pellet resuspended in digitonin were found in the gradient pellet (lane 9). The peak activity gradient fraction of the sequentially extracted enzyme (lane 7) contained fewer polypeptides than the equivalent fraction from membranes extracted with digitonin alone (lane 3) which is consistent with the purification data (Table III) .
ATPase Content of the Purified Fraction. The amounts of vanadate-sensitive (plasma membrane), nitrate-sensitive (tonoplast), and total ATPase activities in a CHAPS-digitonin-extracted glucan synthase enriched fraction were quantitated to verify that the purification procedure removed other membranebound enzymes. Table IV shows that the specific activities of these enzymes were significantly reduced relative to the microsomal fraction. The Table IV . A TPase Levels ofa CHAPS-Digitonin-Purified Glucan Synthase Fraction The purification was conducted from 5 ml of microsomes at a protein concentration of 8.3 mg/ml using the two-step procedure. The digitonin suspension (5 ml) was layered on a 12.5 ml 12 to 60% linear glycerol gradient and centrifuged for 16 h at 80,000g in a Beckman SW 28.1 rotor. The glucan synthase activity peak was found at a density of 1.08 g/cm3.
Microsomes gradients have become widely used tools for enzyme purification and in particular, for membrane-bound enzymes (1, 6, 10, 15, 18, 22, 24) . The isolation of an enriched glucan synthase fraction is significant because to our knowledge it is the first demonstration that it is possible to separate many contaminating proteins from glucan synthase while retaining glucan synthase activity. As with crude extracts, efforts to further purify the enriched glucan synthase fraction using conventional column techniques in the presence of digitonin were unsuccessful due to low recoveries of activity. Digitonin-extracted glucan synthase has proven to be an extremely difficult enzyme to purify. Short-term stability in digitonin was one problem in tissue other than red beet (2, 12, 13, 21, 26) . Our largest obstacle was difficulty in eluting glucan synthase activity from chromatography columns. Repeated efforts in our laboratory to purify the digitonin-solubilized and gradient-purified red beet glucan synthase by gel filtration and other column techniques in the presence of digitonin were unsuccessful. A number of factors may have contributed to this problem. For example, the critical micelle concentration of digitonin (0.02%) is far lower than the1% concentration of digitonin that was used for solubilization. At 1% digitonin, the structure of protein-digitonin mixed micelles may be quite complex and lead to loss of essential photolipid or disintegration of subunits from the holoenzyme. On the other hand, there has been little evidence that digitonin truly solubilizes this enzyme. Solubilized activity has traditionally been defined as that activity which is found in the supernatant fraction after a100,000gcentrifugation. Additional proof that true solubilization has occurred can be obtained by passage of the extract through a gel filtration column packed with a resin such as Sepharose. With the exception of the use of an extremely small column of 1.5 cm depth (13) , and the penetration of glucan synthase activity a short way into a nondenaturing polyacrylamide gel (25) this criterion has not been reported.
Experiments conducted after this study was completed support the concept that digitonin does solubilize glucan synthase and that the problems observed during gel filtration chromatography may be attributed to the loss of lipid from the digitonin-protein mixed micelle that forms at 0.75% digitonin (P Rodis, personal communication). When digitonin concentrations in Sepharose 4B column eluent buffers are reduced to near the critical micelle concentration, glucan synthase activity is recovered in good yield, albeit in a broad peak largely superimposable with the peak of protein. Under chelating conditions, CHAPS is an effective solubilizer of glucan synthase (ME Sloan, personal communication) and activity is recovered as a sharp peak.
The fact that ATPase activity was negligible in the purified gradient fraction confirms that glucan synthase is effectively separated from other membrane-bound enzymes. In related experiments, it has been shown that red beet root glucan synthase requires phospholipid for activity (29). The possibility that the partially purified glucan synthase fraction contains significant amounts of boundary lipid is currently under investigation.
Although partial purification represents a significant step towards the isolation of a glucan synthase complex from red beet root membranes, complete purification, most likely from a range of sources, will be necessary to answer many of the longstanding questions concerning the biochemical and structural nature of higher plant glucan synthases. One such question is whether or not the glucan synthase activity observed in vitro to synthesize (1 --3)-f-glucan, is a component of the cellulose synthesizing complexes observed in morphological studies (19) 83, 1987 cellobiose requirements were the same as for the microsomal form of the enzyme. In this study, glucan synthase was assayed in the presence of 5 mm Mg2". Other glucan synthases are often assayed in the presence of Ca2" (9, 16) . Subsequently it was found that the addition of 2 mm Ca2+ provided 20-to -40% additional stimulation in the presence of 5 mm Mg2e. Applied to a slightly modified two-step density gradient partial purification, one starts with a higher specific activity, but also ends with a higher specific activity for the same fold purification (35x) (ME Sloan, personal communication). It will be possible to conduct more meaningful enzymological and product characterization studies upon the purification of glucan synthase to homogeneity and its reconstitution in phospholipid vesicles.
